Abstract A large number of parameters significantly affect the performance of electrical discharge machining (EDM) which is a non-conventional technique. The choice of the EDM parameters depends on workpieceelectrode material combination. So, the selection of parameters becomes intricate. This manuscript presents the surface characteristics of the machined surface in EDM on Ti-5Al-2.5Sn titanium alloy. The surface roughness and the microstructure of the machined surface are explored for different EDM parameters and electrode materials. Experimentation was accomplished using negative polarity of copper, copper-tungsten and graphite electrode. In this study, peak current, pulse-on time, pulse-off time and servo-voltage are taken into consideration as process variables. The surface roughness is greatly influenced by peak current and pulse-on time among the selected electrical parameters. Among the three electrodes, the copper electrode produces the lowest surface roughness whilst graphite electrode gives the highest surface roughness. The surface characteristics (crater, crack and globule) are distorted on account of discharge energy. In context of fine surface characteristics, the copper can become as first choice electrode materials.
Introduction
Nowadays, titanium is one of the most important metals in industry [1] . Titanium has found its niche in many industries owing to its unique characteristics which make it preferable to other materials such as aluminium, steels and super alloys. Titanium is an allotropic element; it exists in more than one crystallographic structure. There are different types of titanium alloys such as Ti-6Al-4V, Ti-6Al-6V-2Sn, Ti-15V-3Cr-3Al-3Sn, Ti-5Al-5V-5Mo-3Cr, Ti-3Al-2.5V, Ti-10V-2Fe-3Al and Ti-5Al-2.5Sn alloy. Among these titanium alloys, the most common titanium alloys is Ti-6Al-4V. Although Ti-6Al-4V alloy has several advantages and wide application, it has the drawback of toxicity due to the presence of vanadium (V) [2] . Besides, the other common used titanium alloys such as Ti6Al-6V-2Sn, Ti-15V-3Cr-3Al-3Sn, Ti-5Al-5V-5Mo-3Cr, Ti3Al-2.5V and Ti-10V-2Fe-3Al also retain the vanadium. On the other hand, Ti-5Al-2.5Sn is V-free titanium alloy. Accordingly, Ti-5Al-2.5Sn (Ti-5-2.5) titanium alloy is an appreciated and important titanium alloy because it is not toxic to the environment like other titanium alloys. Ti-5Al-2.5Sn alloy is used in airframes and jet engines due to its good weldability, stability and strength at elevated temperatures [3, 4] . Ti-5Al-2.5Sn is also used for manufacturing steam turbine blades, autoclaves and other process equipment vessels operating up to 480°C, high-pressure cryogenic vessels, aircraft engines, compressor blades, missile fuel tanks and structural parts operating for short times up to 600°C, airframe and jet-engine parts, welded stator assemblies and hollow compressor blades [5] . Titanium aluminides have begun to be used for automotive components, including race car engine valves and turbocharger rotors [6] . Possible automotive applications of titanium include connecting rods, piston pins, valves, valve springs, valve spring seats, bucket tappets, brake pins, camshafts and crankshafts. In spite of the increased utility of titanium alloys, the capability to produce parts products with high productivity and superior quality becomes challenging [7, 8] . It accrued a key problem in machining using conventional techniques [9, 10] . However, it can be machined effectively by a non-conventional technique, electrical discharge machining (EDM).
In EDM, there are no standard technologies readily available for setting the machining parameters to achieve the desired machining performance of titanium alloys, especially Ti5Al-2.5Sn. Any slight variations in one of the process parameters can affect the machining performance measures such as surface roughness and cutting rate [11] .
A small number of research works on EDM of titanium alloys has been published. Most of these studies, which are being stated here, are carried out with regard to Ti-6Al-4V titanium alloy. Chen et al. [12] investigated the electrical discharge machining characteristics on Ti-6Al-4V material altering the dielectric fluid. They used copper as electrode material and considered discharge current and pulse-on time as process variables. The feasibility of using distilled water as a dielectric fluid was studied. The material removal mechanism of Ti-6Al-4V with distilled water as well as kerosene is also investigated. Hascalik and Caydas [13] studied the machining characteristics of Ti-6Al-4V using different electrodes, namely graphite, copper and aluminium. They took into consideration only two process parameters as discharge current and pulse-on time to explore the influence of EDM parameters on various aspects of the surface integrity of Ti-6Al-4V. Caydas and Hascalik [14] attempted to model electrode wear and recast layer thickness in machining of Ti-6Al-4V through response surface methodology. Pulse current, pulse-on time and pulse-off time were employed as process parameters and graphite was utilized as electrode material. They also analysed electrode wear of graphite electrode and white layer thickness of Ti-6Al-4V material. It was explored that pulse current is the most important factor effecting both electrode wear and recast layer thickness, whilst pulse-off time does not possess any significance on both responses. It is required to examine the impact of pulse-off time that has been carried out in the current study. Fonda et al. [15] investigated the effect of thermal and electrical properties of the workpiece material Ti-6Al-4V in electrical discharge machining using copper as electrode and duty factor as process material. They considered only one process parameter as duty factor and simply one electrode material, copper. Rao et al. [16] carried out the electrical discharge machining for Ti-6A-l4V, HE15, 15CDV6 and M-250 material. Current, voltage and machining time were selected as process parameters, and copper was used as electrode material in order to represent material removal rate. Likewise, Rao et al. [17] investigated the surface roughness of Ti-6A-l4V, HE15, 15CDV6 and M-250 materials in EDM. They conducted the experimental work considering current and voltage as process parameters and copper as electrode material. The optimum value of current and voltage in terms of surface roughness was also determined. The influence of workpiece material and process parameters-current and voltage was investigated in both research works [16, 17] . It was found that the type of workpiece material was having the highest influence on material removal rate and surface roughness. On the other hand, Kao et al. [18] studied the process variables such as voltage, current, pulse-on time, pulse-off time and duty factor. Here, they employed copper electrode material for EDM on Ti-6Al-4V. They attempted to optimize the electrical discharge machining performance, surface roughness of Ti-6Al-4V, through Taguchi and Grey relational analysis. The machining performance characteristics were investigated for mild steel workpiece using copper as electrode [19] . In this work, experiment was performed taking into account only single parameter, discharge current. It was shown that as the current increases, the temperature between the electrode and workpiece increases resulting in more vaporization of workpiece material. Pawade and Banwait [20] reviewed the research works carried out in the development of die-sinking EDM within the past decades for the improvement of machining characteristics. They also proposed programmable logic controller (PLC)-based flexible machine controller to enhance the machining characteristics and to achieve high-level automation. Khan and Rahman [21] developed a regression equation based on response surface methodology for correlating the interactive and higher-order influences of machining parameters on surface finish of Titanium alloy Ti-6Al-4V. On the other hand, several research works with EDM process have been carried out to investigate the surface roughness of distinct materials namely, aluminium alloy-silicon carbide composite, stainless steels 316 L and 17-4 PH, nickel-based super alloy inconel 718, NiTi alloy, H11 steel, hot die steel H11, aluminiummultiwall carbon nanotube composites (AL-CNT) and precipitation hardening stainless steel PH17-4 ( [22, 23, 24, 25, 26, 27, 28, 29] ). Most of these work examined the effect of process parameters on surface roughness. Besides surface roughness, Reddy et al. [28] analysed the effect of peak current, pulse-on time and pulse-off time on surface hardness. Daneshmand et al. [30] examined the effect of input parameters on surface roughness to determine the minimal surface roughness and maximal material removal of NiTi alloy. On the other hand, Pawade and Banwait [20] suggested flexible machine controller for die-sinking EDM to enhance the machining characteristics and to achieve high-level automation. Analytical dependence was established between the discharge energy parameters and the heat source characteristics [31] . In addition, the thermal properties of the discharged energy were experimentally investigated and their influence on surface roughness was established.
The literature review shows that the study with regard to surface characteristics in EDM on Ti-5Al-2.5Sn titanium alloy for distinct electrodes has not been carried out yet, although the EDM performance characteristics have been studied for various materials including Ti-6Al-4V. It has been explored that type of workpiece material has the highest impact on EDM performance among the other influential factors. Thus, it is obvious that the EDM performance characteristics are not identical for all workpiece-electrode material combination. Besides, the preceding research work reveals that the effects of servo-voltage on the machining performance of EDM on titanium material (Ti-6Al-4V) has not been considered, although distinct parameters such as current, pulse-off time and duty factor has been considered. It is found that copper, aluminium and graphite has been used in machining Ti-6Al-4V; however, copper-tungsten has not been examined yet as an electrode. On the other hand, very few research works illustrate the comparative study using distinct electrode materials in surface roughness characteristics of titanium material. In this perspective, an effort has been made to study the surface characteristics namely, surface roughness (R a ) and microstructure of the machined surface in EDM on Ti-5Al-2.5Sn titanium alloy. The microstructure of the surface is analysed for distinct discharge energies and different electrodes such as copper, copper-tungsten and graphite electrode. In this manuscript, peak current, pulse-on time, pulse-off time and servo-voltage are considered as process variables. Experiments are performed varying all these process variables for three electrode materials.
Methodology
This section is divided into three as material, process parameters and experimentation. The material section deals workpiece material and the electrodes used in this research work. Process parameters represent the input process parameters that influence the machined surface as well as the performance parameters mainly surface roughness and surface characteristics. Experimentation shows the design of experiment, experimental set-up, method of experiment and surface microstructure inspection.
Materials
Ti-5Al-2.5Sn titanium alloy has been selected as workpiece materials in this research. The titanium alloy Ti-5Al-2.5Sn is available commercially in many forms. The titanium alloy, Ti5Al-2.5Sn, has excellent mechanical properties and maintains its strength at temperatures up to 600°C [32] . The physical properties of Ti-5-2.5 alloy are listed in Table 1 [33] .
As a fundamental requirement, the electrode material should possess high thermal conductivity, superior melting and evaporation point and the ability to be easily machined [34] . Usually, several materials-copper, graphite, copper-graphite alloys, copper-tungsten, brass, tungsten, tungsten-carbides, silver-tungsten alloy, steel, chromium and copper-chromium alloys are used as electrodes in the EDM process [35] . Copper and graphite electrodes can be used for the same EDM jobs, and these two electrodes are used extensively by the majority of EDM users in Europe, Asia and the USA [35] . On the other hand, graphite, copper, copper-tungsten, coppergraphite and brass are the most advantageous electrodes owing to their satisfactory EDM machining performance [36] . In this perspective, copper, copper-tungsten and graphite are chosen as electrode materials for the present study. The physical properties of these electrode tools are presented in Table 2 [13, 34] .
Process parameters
Surface roughness which is the most important and frequently used parameter was chosen as the performance parameter of the EDM experiment [37] . In addition, the characteristics of surface topography of the workpiece were set as objective function in this study. Surface roughness is a measure of the texture of a surface. The surface texture is the sum of all irregularities caused by roughness, waviness and flaws. Roughness is the set of finer irregularities on the surface of a solid material, including flaws and tool marks caused by the manufacturing techniques used to produce the surface [38] . It is estimated by the vertical nonconformities of the actual surface (surface topography as produced and measured) from the nominal surface (intended profile of the surface topology) as shown in Fig. 1 . The surface roughness can be expressed in different ways, including the arithmetic average (R a ), root-mean-square (R q ), average peak to valley height (R z ) and maximum profile valley depth (R max ). According to ISO 4287:1997, AA is defined as the arithmetic average roughness of the deviations of the roughness profile from the central line along the measurement [39] . Centre line average (CLA) is defined as the average value of the ordinates from the mean line, regardless of the arithmetic signs of the ordinates. The surface is rough when the deviation is large, and the surface is smooth when the deviation is small. Root-mean-square roughness (R q ) is the square root of the average value squared, which can be expressed as in Eq. (1) [38] . Average peak to valley height (mean roughness depth) is the arithmetical mean of the single roughness depths, which can be calculated as in Eq. (2). The maximum profile valley depth (R max ) is the largest of the existing single roughness depths in the total measuring length. In this study, the arithmetic average (R a ) is used for assessment of surface roughness of the machined surface since R q and R z are more sensitive than R a to changes in surface roughness.
There are a number of machining parameters, which have different effects on the EDM performance characteristics. The machining parameters and their interaction influence the EDM process performance. EDM machining parameters are divided into two groups: non-electrical parameters (injection flushing pressure and rotational speed of electrode) and electrical parameters (peak current, polarity, pulse duration and power supply voltage). However, electrical parameters are found to be more significant than non-electrical parameters in the context of machining characteristics [40] . The relevant process parameters are the peak current, pulse duration, electric polarity and properties of materials [41] . The significant parameters related to the EDM machining process are the discharge current (intensity), discharge voltage, pulse-on time (pulse duration), pulse-off time (pulse interval), electrode gap (arc gap), polarity and duty cycle [42] . The parameter selection was based on the findings from a literature review and a preliminary experiment. The effects of the discharge current, voltage, pulse-on time, pulse-off time, servo-voltage, polarity, electrode material and flushing pressure were examined throughout the preliminary experiment, where the values of the distinct input parameters were varied. Abnormal discharges during machining can cause non-successive pulses such as short circuit, arcing and open circuit, indicating machining instability [43] . Therefore, the parameter ranges for normal and stable machining are set throughout the preliminary experiment. Eventually, the peak current, pulse-on time, pulse-off time, servo-voltage and tool materials were selected as the process variables for the present research. The process parameter ranges are presented in Table 3 .
Experimentation
Careful planning of experimentation is essential in order to reduce the cost and time. The design of experiments is a powerful tool that permits analysis of the effect of process variables on response variables [44] . There are different methods for design of experiments (DOE), including factorials, fractional factorials and response surface methods. The central composite design (CCD) is more useful than full factorial designs as it requires much fewer runs to sufficiently describe the responses [14] . Thus, a number of experiments were carried out consistent with the design matrix obtained from central composite design. Experimentation was performed retaining negative polarity of the electrode. The peak current, pulse-on time, pulse-off time and servo-voltage were varied from 1 to 29 A, 10-350 μs, 60-300 μs and 75-115 V, respectively, during experiments. Machining was conducted on Ti5Al-2.5Sn material using negative polarity of copper, coppertungsten and graphite electrode stated in section 2.1. Using central composite design of response surface methods total 31 experimental set-up was obtained for selected process parameters-peak current, pulse-on time, pulse-off time and servo-voltage. Experimentation with each electrode-copper, copper-tungsten and graphite-was performed according to this set-up. Each experiment was carried out three times and the average value of the surface roughness was considered for analysis surface finish characteristics. The value of arithmetic average surface roughness (R a ) was assessed using the Perthometer S2 from Mahr, Germany. In measuring the roughness of the machined surface, five observations were done on different positions of the machined surface for each sample. The average of these five assessments was considered as the value of surface roughness, R a . Surface texture analysis was carried out by scanning electronic microscopy to observe the surface topography of selected specimens. The experiments mainly varied the energy intensity (I p × T on ) for a specific electrode, since the surface attribute is mainly associated with pulse energy (pulse current and/or pulse-on time) as shown in Table 4 [45] . The specimens were got ready after experiments. During the experiment, the value of pulse-off time and servo-voltage were set as 120 μs and 85 V respectively. Then, the microstructure of the workpiece surface was investigated using SEM model-EVO 50 from Zeiss, Germany. All specimens were analysed with regard to all three electrode materials, namely copper, copper-tungsten and graphite. SEM micrographs are accomplished from the machined surface at 500× magnification size. The surface characteristics are investigated for distinct discharge energies, as well as the SEM micrographs are analysed considering all electrodes collectively to explore the effect of the electrode.
Results and discussion
The obtained data are analysed and studied accomplishing the experimental work as design of experiment stated above. The analysed results are shown in Section 3.1. In the same section, the results are also explained well following the observation. The surface microstructure was investigated using scanning electronic microscopy (SEM) as stated in methodology. The investigations against different electrodes-copper, coppertungsten and graphite and diverse energies-are demonstrated in Section 3.2. The acquired microstructures in distinct circumstances are discussed too in the same part. The effects of electrode on the surface topography are shown in Section 3.3.
Effect of electrical parameters on surface roughness
The effect of each of the process parameters-peak current, pulse-on time, pulse-off time and servo-voltage-on the surface roughness is illustrated in this section considering negative polarity of the electrode. This is studied by varying one input parameter between its minimum and maximum value while the other input parameters are retained fixed in their reference condition. The reference condition is the mean value of the parameter.
The impact of the peak current on the surface roughness is shown in Fig. 2. Figure 2 also depicts the impacts of the electrode on the workpiece surface roughness for copper, copper-tungsten and graphite electrode. It is apparent from Fig. 2 that the surface roughness increases gradually with increasing peak current. The crater size increases with an increase of current. Besides, as pulse current increases, discharges strike the surfaces more intensely, hence a great quantity of molten and floating metal is suspended in the electrical discharge gap during EDM [27] . Ultimately, the surface finish becomes rougher with the increase of peak current [46] . On the other hand, low discharge current creates small craters leading to a smooth surface finish [47] . Thus, the surface roughness of the machined surface rises with an increase of peak current, and a lower surface roughness is achieved at low ampere. A similar observation was reported in prior study [48] . Fig. 2 exhibits that the surface roughness increases as the peak current increases for all three electrodes. The results indicate that the lowest surface roughness is achieved with a copper electrode compared with the copper and graphite electrodes. On the other hand, the graphite electrode gives the highest surface roughness among the three electrode materials. Lee and Li [49] reported that copper-tungsten electrodes provide better surface finish compared to graphite electrodes in EDM on tungsten Peak current (A) carbide. They also found that the copper tool gives the best surface attributes, while graphite gives the poorest surface. The effect of pulse-on time and the impact of the electrode material on the workpiece surface roughness are presented in Fig. 3 . It is apparent from this figure that the surface roughness increases upon increasing the pulse-on time. However, it is seen that initially the surface roughness increases until a specific (peak) value and then does no vary significantly when the pulse-on time increases for copper electrode. On the other hand, after the peak value of SR, the surface roughness tends to decrease as the pulse-on time increases for copper-tungsten electrodes.
The crater formation and material erosion are proportional to the amount of applied energy during on-time, which is a function of discharge current and pulse-on time. This discharge energy is directly related to the pulse-on time [47] ; therefore, a long pulse-on time creates more craters and erodes more material [50] . As a consequence, a long pulse-on time generates a rougher surface. The low surface roughness of the EDM machined surface is achieved at low pulse-on time. During the EDM process, various sizes of discharge craters are generated on the machined surface due to melting, vaporization and the impulsive force of dielectric explosion, so the topography of the machined surface is irregular [51] . The energy density is reduced within the discharge spot upon extending the pulse-on time, and a tenuous discharge occurs as a result [52, 49] . The amount of workpiece material removed at a single pulse is reduced, and the surface topography becomes more even [51] . Thus, the surface roughness tends to decline under longer pulse duration.
The effect of pulse-off time and the impact of the electrode material on surface roughness are shown in Fig. 4 . This figure shows the diverse effect of the pulse-off time on surface roughness characteristics. As can be seen from the figure, an increase in pulse-off time initially increases surface roughness until the peak value of surface roughness then reduces the surface roughness. On the other hand, a falling tendency of the surface roughness graph is observed as pulse-off time is increased for copper electrode. If the pulse-off time is too short, there is not enough time to clear the disintegrated particles from the gap between the electrode and the workpiece [49] . The too short pulse-off time induces an unstable spark discharge because of insufficient insulation recovery [53] . Then again, a long pulse-off time influences the cooling effect on the electrode and workpiece surface, and more energy is required to establish the plasma channel; consequently, there is higher surface roughness. Accordingly, it is obvious that the pulse-off time must be sufficiently long to acquire a uniform erosion of material from the surface of the workpiece and stable machining process; otherwise, a non-uniform erosion of the workpiece surface will occur. Thus, the surface roughness tends to decrease after certain value of pulse-off time.
The effect of the servo-voltage on the surface roughness is shown in Fig. 5 . Figure 5 also depicts the effect of the electrode on the surface roughness for copper, copper-tungsten and graphite electrode. It is apparent from servo-voltage increases the surface roughness tends to increase. The servo-voltage controls the spark gap during the process of EDM, and the spark gap increases as the servovoltage increases. At the high servo-voltage, the electrode is not able to advance longer towards the workpiece. Therefore, the material erosion as well as the surface roughness supposed to be decreased whilst the servo-voltage increases. On the contrary, here, the surface roughness increases with servovoltage due to the negative polarity of the electrode and unstable machining. An extended discharge waveform is found at the pulse-off time when the polarity is negative. This is because many particles of copper and tungsten electrodes drop and accumulate to the machined surfaces, interfering with the discharge proceeding. Accordingly, the discharge state becomes rather unstable. Thus, the machining causes higher surface roughness. It is apparent that the surface roughness is significantly influenced by the peak current and pulse-on time among the selected parameters (peak current, pulse-on time, pulse-off time and servo-voltage).
It is seemed that the machining with copper electrode produces the lowest surface roughness; however, the surface roughness with copper and copper-tungsten electrodes is nearly similar. On the other hand, the graphite produces, on average, approximately double surface roughness than that for copper-tungsten electrode. Hascalik and Caydas [13] noticed that the graphite electrode leads to a considerable increase in surface roughness. The thermo-physical properties of the electrode material significantly regulate the performance characteristics of EDM. The thermo-physical properties of graphite are very different from other electrodes-copper and copper-tungsten [35] . Accordingly, the graphite electrode facilitates more stable machining than copper, which produces a poor surface. EDM with graphite causes more erosion of graphite electrode since the graphite possesses high porosity compared to copper and copper-tungsten electrodes. Thus, the graphite electrode yields highest surface roughness.
Microstructure of the machined surface
The surface topography of a number of samples is investigated using scanning electronic microscopy to analyse the surface characteristics of the machined surface. The analysis is performed for different electrodes (copper, copper-tungsten and graphite) separately. The surface characteristics are Figure 6 shows the surface topography of the specimen machined with a copper electrode for distinct discharge energy. Scanning electronic microscopic views reveal shallow craters, a few microcracks and globules of debris on the surface, as shown in Fig. 6a . The surface topography looks like liquid metal that has been poured and resolidified, creating a layer as shown in Fig. 6a . The surface contains very few craters; however, most of the surface is covered with globules. The microcracks initiated at the recast layer penetrate towards the parental material perpendicular to the machined surface. The thermal energy obtained from a series of successive sparks generates high-temperature plasma and erodes material from the workpiece. The spark occurring through the hightemperature plasma melts and vaporizes a small area of the workpiece surface, and ultimately, craters are formed. The crater size depends on the pulse current as well as the discharge energy, and low discharge energy produces small crater [54] .
Copper electrode
SEM depicts the presence of microcracks resulting from rapid cooling of the recast layer. The crack propagation through the brittle recast layer is fairly fast and continues more slowly into the tougher (bulk) material. Many surface imperfections in the recast layer produced by the EDM process initiate cracking. The cracks are in the form of microcracks. On the other hand, cracks are not readily formed within a thin recast layer because it is able to dissipate heat rapidly [55] . Therefore, lower discharge energy produces microcracks. A similar observation was reported for electrical discharge machining on M2 die steel [56] . At the end of pulse-on time, a small amount of molten material is not expelled; although, most of the melted and vaporized material is flushed away by the dielectric [57] . Since the flushing cannot eject all of the molten materials, a portion of the melted electrode accumulates on the workpiece surface, producing globules of debris. Thus, low discharge energy creates small and shallow craters, microcracks and globules. Some of these are very small and attached to the surface, appearing like pockmarks. A layer containing numerous pock marks, globules, craters, microcracks and cracks is visible on the machined surface. This layer is called the recast layer, and the density and size of features of the recast layer depend on machining conditions. According to the SEM image in Fig. 6 , the surface characteristics (crater, crack and globule) are distorted on account of discharge energy. The size and depth of the discharge craters increase as the discharge energy level increases. The increase of discharge current and pulse-on time increases the discharge energy. The large discharge energy causes violent sparks and impulsive force, which strike the surface. The large impulsive force advances in the spark gap. The rate of melting and vaporization is increased, resulting in a greater material removal rate [27] . This results in larger and deeper craters on the machined surface [58] . The long pulse-on time is responsible for larger craters; however, strong peak current causes deep craters at high discharge energy. Therefore, high discharge energy produces deeper and wider craters, generating a rougher surface. The globule formation depends on the erosion of the electrode, which in turn depends on the discharge energy. The high discharge energy produces an inhibitor carbon layer on the electrode surface [59] . The amount of carbon accumulated on the electrode surface increases considerably according to the increase of pulse-on time. This carbon layer reduces the electrode wear [12] . Again, the resolidified particles are ejected from the gap between the electrode and the workpiece by dielectric flushing and impulsive force [49, 60] . The high discharge energy causes a large impulsive force, which can remove more debris from the machining gap [60] . Thus, the surface topography with high discharge energy presents a smaller number of globules and pock marks.
Copper-tungsten electrode
The surface topography of the machined surface with a Cu-W electrode is presented in Fig. 7 for distinct discharge energy. Craters, globules of debris, cracks and pockmarks are found in the surface structure. The spark occurred during discharge melts and vaporizes the material from the workpiece surface. As a consequence, numerous minute craters are formed in the surface [51] . The molten material is not flushed out completely owing to inadequate flushing through the micro-gap between the electrode and workpiece [57] . Therefore, the remaining molten material is cooled rapidly and resolidified on the surface. The rapid cooling of the recast layer causes residual stresses in the machined surface. When the residual stresses exceed the ultimate tensile strength of the base material, cracks are formed in the surface [61] . The size of the craters and the degree of cracking increase as discharge energy increases as shown in Fig. 7 . A high discharge energy increases the rate of melting and vaporization, which causes larger and deeper craters [27] . Generally, the diameter and the depth of craters increase with an increase in peak current [58] . On the other hand, the high discharge energy results in a thick recast layer as well as increased residual stress at the machined surface [45] . The number and size of cracks increases with pulse-on time. Thus, larger and deeper craters and a greater degree of cracking are evident at higher discharge energy. It is interesting to note that a lower discharge energy level (15 A × 180 μs) carries smaller craters in combination with a higher degree of cracking, as shown in Fig. 7b . In contrast, a higher discharge energy level (29 A × 320 μs) produces larger craters together with a lower degree of cracking, as shown in Fig. 7c . Lee and Tai [55] observed larger crack widths for small peak current. It is evident that the number of craters and the volume of material removed are directly related to the discharge energy [49] . When the discharge energy is high, the amount of material erosion is increased, creating more craters. Similarly, lower discharge energy reduces the amount of material erosion, resulting smaller craters. Then again, the formation of enlarged craters and more globules causes a wide variation in the thickness of the white layer (Fig. 7c) . Moreover, no significant increase in the induced stress is apparent at high peak current, signifying a lower degree of cracking as Fig. 7c [55] . Thus, a higher degree of cracking and small craters are apparent in Fig. 7b , and the opposite can be seen in Fig. 7c. 
Graphite electrode
The surface topography of the machined surface generated during EDM with a graphite electrode is shown in Fig. 8 for distinct discharge energy. The machined surface is characterized by globules, craters, cracks and small debris (like pockmarks) as the surface obtained with other two electrodes (copper and copper-tungsten). The reason for the formation of craters, globules and cracks has been discussed above. It is seen that the amount of craters, crack and globules are increased when the discharge energy is increased, as shown in Fig. 8a -c. At high discharge energy, since there is a high rate of erosion of the material which produces larger craters. Furthermore, there is high impulsive force, which increases the yield stress of the surface. As a consequence, high discharge energy produces a higher degree of cracking. Thus, the surface finish obtained at high discharge energy yields more craters and globules, resulting in a poor surface, and it has been discussed before.
Effect of electrode on microstructure
The formation of craters, cracks and globules on the machined surface of the workpiece in machining with copper, copper-tungsten and graphite electrodes has been demonstrated separately in the previous section. Besides, the amount and size of these features have been illustrated for different electrodes and altered discharge energy. The SEM micrographs of the machined surfaces are presented in Fig. 9 to compare the surface topography among different electrodes with a negative polarity condition. In this figure, it is observed that the surface obtained using copper electrode yields greater amount of globules along with small craters and cracks. The more tool wear is occurred when EDM with copper electrode as compared to copper-tungsten electrode. A part of the molten material of the electrode is dropped on the workpiece surface creating globules due to inadequate flushing. Therefore, more globules are generated while machining with copper electrode. However, the copper-tungsten electrode causes larger crater and higher degree of crack comparing with copper electrode. Copper-tungsten electrode concentrates greater amount of heat rather than dissipation because of its low thermal conductivity [34] . As a result, the intensity of heat energy increases, which erodes more material from the workpiece. Thus, the copper-tungsten produces larger crater and higher degree of crack deteriorating the surface finish. Graphite electrode produces largest size of craters among these three electrodes. The negative graphite electrode provides high material removal as compared with other electrode [13] . Accordingly, it generates greatest amount of craters resulting larger size of craters.
The copper electrode provides smallest craters, cracks of lower degree in combination with more globules. On the other hand, largest craters appeared in the topography of the machined surface applying negative graphite electrode followed by copper-tungsten electrode. Thus, it can be understood that the copper electrode produces the finest surface structure whilst graphite delivers worst surface characteristics. In consequence, the copper can become as first choice electrode materials for Ti-5Al-2.5Sn titanium alloy material.
Conclusion
An extensive analysis has been conducted to investigate the effect of machining parameters namely, peak current, pulse-on time, pulse-off time, servo-voltage and electrode materials on surface roughness and surface structure in EDM of Ti-5Al-2.5Sn titanium alloy. The following conclusions can be drawn in this research work.
The surface roughness of the machined surface increases upon increasing the peak current, pulse-on time and servo-voltage. A lower surface roughness is achieved at low ampere. Again, the surface roughness increases until a specific value and then does not vary significantly when the pulse-on time increases for copper electrode. For copper-tungsten electrodes, the surface roughness tends to decrease after its peak value as the pulse-on time increases. The pulse-off time affects the surface roughness diversely. The pulse-off time must be sufficiently long to acquire a uniform erosion of material from the surface of the workpiece and stable machining process. The surface roughness is greatly influenced by peak current and pulseon time among the selected electrical parameters.
The copper electrode produces the lowest surface roughness and graphite electrode gives the highest surface roughness among the three electrode materials. However, the surface roughness with copper and copper-tungsten electrodes is nearly alike. The graphite electrode produces, on average, approximately double surface roughness than that of coppertungsten electrode. Among the three electrodes, copper electrode can be used whilst fine surface is required.
EDM process produces surface topography with craters, cracks and globules of debris. The size of the craters and the degree of cracking increase as discharge energy increases. Low discharge energy produces small crater and high discharge energy produces deeper and wider craters generating a rougher surface.
The surface obtained using copper electrode yields greater amount of globules along with small craters and cracks. The copper-tungsten electrode causes larger crater and higher degree of crack as compared to copper electrode. The largest craters appeared in the topography of the machined surface applying graphite electrode followed by copper-tungsten electrode. The copper electrode produces the finest surface structure whilst graphite delivers worst surface characteristics. In context of fine surface characteristics, the copper can become as first choice electrode materials for Ti-5Al-2.5Sn titanium alloy material.
Further work can be carried out in order to investigate the effect of process parameters on tool wear and machining speed. The optimum value of the performance characteristic parameters as well as the multi-objective optimization could be set-up. On the other hand, the research work will be carried on considering positive polarity along with the comparison between negative and positive polarity. Future work insists the attention in view of gap voltage and duty factor input process parameters for machining characteristics.
